INTRODUCTION
Eddy Current Testing (ECT) is used for in-service inspection of tubes in steam generators, heat exchangers and condensers in nuclear or conventional power plants as well as in chemical installations. ECT is particularly attractive because it offers both very high detectability and high scanning speeds. Direct contact with test material or a coupling medium is not necessary and the test is easily automated. For the tube inspection, the probes embedded sensor coils are usually inserted in the tubes. Therefore the detecting capability for an outer defect is low in comparison with an inner one by skin effect.
In the tubes of steam generators (SG) of a PWR type nuclear plant, it has been required that surface cracks, especially, outer cracks must be detected before they grow up. Here, a difficulty encountered is the processing of the noised ECT signals. The noises may be caused by the variation of the Iift -off of the probe, the presence of the structures out of the tubes, etc. [ 1] . 0 the whole, it is difficult to judge whether the cracks exist or not from the raw signals including these noises. Signal processing by the multi-frequency technique is often used. In older nuclear power plants, some deposits are sometimes formed on the outer surface of the tubes. These deposits are composed of copper and magnetite, and are one of the causes of noise in ECT because of the electromagnetic nature of the test. In the case of the copper deposits, it is said that it is difficult to detect the cracks accurately even if signal processing technique is used.
The objectives of this paper are to evaluate the ECT signals in the presence of the coppe deposits by experiment and numerical simulation and to process the signals with the noise using wavelets. A sensor coil and a test piece with a deposit are fabricated and experimental conditions are selected simulating real inspection of SG tubes. The sensor coil used here is a so-called pancake probe coil. The test piece was made of INCONEL 600 and has a slit formed by electric discharge machining. We measure the signals using an impedance analyzer and apply a code developed for ECT signals analysis to the system mentioned above. The code uses the A -cp method and 3D finite elements. The wavelet method is used to evaluate the ECT signals.
EXPERIMENT AND NUMERICAL ANALYSIS Sensor and Test Piece
In order to discuss composite signal of a crack and a deposit by experiment and numerical simulation, a sensor coil and a test piece with a copper sheet and a crack were fabricated as illustrated in Figure 1 . The coil has the same dimension as one of rotating pancake type probe which are used in the SG tube inspection of PWR plants. The copper sheet simulates the deposit formed on the outer wall of the SG tubes. The artificial crack, that was not natural bu electrically perfect barrier, was made by the process of electric discharge machining (EDM) in tb test piece. The test piece was made of INCONEL 600: same material as a real SG tube for the PWR plant. The crack and deposit were located in the center of the test piece and the opposite side of the coil. We call this crack "Outer Defect (OD)" here. The cracks go through 40% and 60% of the tube wall from the outside surface of the test piece. The centers of the crack and the deposit were defined as x = 0 mm and y = 0 mm. The location of a crack edge was located in y = 5 mm. The test condition was chosen simulating ECT under practical inspection in the SG tubes. Lift-off, distance between the bottom of the coil and the surface of the test piece, was 0.5 mm. These configuration in Figure 1 such as dimensions and material properties and so on are listed in Table I .
Impedance Measurement Figure 2 Experiment set-up.
Experimental set-up to measure the ECT signals is illustrated in Figure 2 . This measurement system consists of a microscope as a 3D stage and an impedance analyzer by which the signals were taken. The reason to use the microscope is suitable to adjust the lift-off and inclination of the test piece precisely. A coil holder was installed in place of one of lenses. The Iift-off and inclination were adjusted using z axis dialand a x-y translationstage along crack length direction and its perpendicular direction, by driving the test piece by using x and y axis dials. Each dial of the microscope with a digital counter had spatial resolution as short as 10 Jlm in the directions of three axes. The impedance change more than roughly 1 o· 3 % of total impedance of the coil can be measured by the impedance analyzer with strict calibration. It is required that the Iift-off must be precisely set up to accurately measure the outer cracks [2] . There was very small deflection in the test piece which causes in cutting off or cracking it. This influences on accuracy of the measured data. Hence, the test piece was firmly settled on its base by a vacuum chuck. The measured data were stored and printed out by a computer and a printer.
3-D Eddy Current Analysis
In the numerical Simulation ofthe ECT, it is important to calculate magnetic field with eddy current. The A -l/J method, whose variables are magnetic vector potential A and electric scalar potential l /J, is a method by which it is possible to calculate magnetic field with eddy current. The governing equations of the A -l/J method on AC problern in quasi-stationary state are shown as follows:
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where, Js : source current density, j imaginary unit, ro angular frequency of AC current, f.4J perrneability of air, a conductivity. In this paper we assume the Coulomb gauge to obtain Equation ( 1) and do not explicitly impose the gauge in nodal FEM forrnulation. Applied current was forrnulated as a constant AC current source. We used frrst order hexahedral elements to divide an analytical domain. The impedance change Ze of a coil due to the eddy current can be given as,
e / where N 1 and Ae are the number of coil tums and magnetic vector potential due to the eddy current. Ae is obtained using the Biot-Sarvart's law. This is effective to reduce the errors from mesh division for a coil part. The solution obtained by solving Equation (3) dosenot include resistance of the windings and capacitance of the coil because its conductivity is assumed to be zero. Wehave already confirrned this assumption by comparing predicted values with measured values [3] [4] [5] [6] .
Wavelet Analysis
According to the theory of the wavelet method, a signalf(x) can be decomposed as
where { lf/j,k(x)} are a set of wavelet functions generated from a single mother wavelet by
The mother wavelet lfl(x) is a small wave localized in space and frequency by definition. From Equation (6), the wavelet functions { lf/j,k(x)} are thus a set of small waves localized in different space and frequency intervals with the scaling and shifting parameters j and k determining the frequency content and space position of lf/j,k(x), respectively. Therefore, the wavelet decomposition is in fact a space-frequency representation of the signalf(x) and the corresponding wavelet coefficients {di) represent the local characteristics off(x) in different space and frequency ranges.
The wavelet coefficients of the ECT signals reflect the local characteristics of the signals in different frequency and space intervals. They can be used to evaluate the features of the signals in shape quantitatively. Since the shape characteristics ofthe crack signals are deterrnined by the crack shape and size, the wavelet coefficients can be used to recognize cracks. In the composite signals, although a crack impedance change is overlapped by the presence of the copper deposit, its shape characteristics is partially remained and the wavelet coefficients localized in the corresponding region have the same feature as that of the crack signal and can be extracted for the crack recognition. To evaluate the shape characteristics of a crack signal, we define a shape coefficient [7] as follows: (7) where {d;) is a portion of the wavelet coefficients of the crack signal, which are located in the region of the crack where the signal shape changes with the crack size most obviously, and n is the number of wavelet coefficients at this portion. The shape coefficient represents the shape characteristics of the signal at some frequency interval depending on the scale parameter j. It varies with respects to signal shape.
RESULTS AND DISCUSSION
ECT signal by experiment and simulation Figure 3 shows the composite signal of the OD 60% and the copper deposit by experiment. The signalwas measured moving the test piece between x = ±5 mm and y = ± 15 mm at every 1 mm. The data are plotted as variation from the standard value at x = -5 mm and y = -15 mm. The detecting signal appears at the area from y = -10 mm and + 10 mm. The location of the deposit can be detected since it corresponds to the obtained signal. Butthis signal dose not characterize the existence of the crack. Figure 4 shows the signals of 1D scanning at x = 0 mm by experiment and simulation in impedance plane. In the simulation, as the test piece was larger than the detecting area, only regions of the crack and deposit were moved without remeshing. The The sampling points of integral in Equation (3) 5 X l8X5* * r X 9 X z direction crack is OD60% and the thickness of copper deposit is 0.08 mm. The parameters chosen in computation are listed in Table ll . The simulation results proves the measurements are appropriate since these results show good agreement. Figure 5 shows signals due to the cracks which have different depths with the deposits by the simulation. The phase characteristics depending on frequency of the crack signals are different from that of the deposit signals. As shown in Figure 5 , it seems that the composite signals are represented as the sum of the crack signal and deposit signal, but these are in fact smaller than the sum of them. That is the reason that the presence of the deposit, whose conductivity is fifty times that of the test piece, makes eddy current density in the vicinity of the crack smaller as in Figures 6 and 7 . In this case, the crack signal, which is eliminated the noise due to the deposit by the multi-frequency technique, decays in comparison with that of the crack alone. Therefore, it is difficult to extract the information on the crack from the raw data as mentioned above when the copper deposit is close to the crack.
Signal Processing by Wavelets
In order to evaluate the information on the crack from the composite signals, the wavele method was used. Figure 8 shows the curves of the shape factors versus the scale parameter j for predicted ECT signals which are two composite signals from cracks and a copper layer, and a signal from the copper layer only. These factors were computed from each of imaginary parts of the signals by 1D scanning. The thickness of the copper layer is 0.03 mm and the frequency is 300kHz. The cracks are located above the central portion of the copper layer as shown in Figure  The wavelet coefficients localized in the region of the crack are used to evaluate the shape facton For the signal due to the copper layer only, the shape factor does not vary significantly with the scale parameter. However, the shape factors of the composite signals vary obviously with the scale parameter in the relationship determined by the cracks. Figure 9 shows the comparison of the shape factor of the composite signal with the OD 60%, and that of the signal from the OD 60% crack only. The shape factors are normalized in order to exclude the influence of the signal amplitude. lt can be seen that the relationship of the shape factor varies with respects to the scale parameter in the same relationship no matter there is a copper layer or not. Moreover, the same tendency was obtained in the case of other conditions (frequency: 150kHz, crack: OD40%, thickness ofthe deposit: 0.03 mm). Therefore, it is possible to extract the crack characteristics from the composite signals by evaluating the local shape characteristics with the wavelet coefficients.
CONCLUSIONS
The ECT signals including the noise due to the copper deposit from ECT were evaluate( by measurement and numerical Simulation. In order extract the information on the cracks from th noised signals, the wavelet method was used for signal processing. From this study, the followinl results are obtained. 1. The composite signals of the crack and deposit were quantitatively evaluated by experiment and numerical simulation. The results by simulation show good agreement with those by the experiment. 2. The presence of the copper deposit makes eddy current density near the crack in the tube conductor smaller. In this case, sensitivity detecting the crack is decreased, and it is difficult to characterize the cracks. cale paramclcr j Figure 8 The shape factor versus the scale Figure 9 The normalized shape factor parameter. versus scale parameter.
3. The characteristics of crack signal with the deposit noise can be extracted by choosing prope wavelet coefficients. With wavelet coefficients of the crack signals, it is possible to characterize cracks accurately.
